and activated T cells) but instead displayed noncompetitive inhibition. In vitro, a decrease in CXCR3-bearing cells was found within and in the proximity of the bronchial epithelium of CF lung tissue compared with controls. Taken together, both bactericidal and cell-recruiting activities of MIG/ CXCL9 are corrupted by P. aeruginosa through release of elastase, and this may contribute to impaired airway host defense in CF.
Introduction
In cystic fibrosis (CF), impaired innate immune functions result in acquisition of chronic bacterial colonization of the airways, playing important roles in disease progression [1] . The underlying cause of CF is well known, i.e. a genetic defect in the cystic fibrosis transmembrane conductance regulator (CFTR) . The normal product of this gene is an ion channel, which is expressed mainly in epithelial cells and blood cells. The CFTR is primarily responsible for balancing chloride, bicarbonate and sodium transport across the airway epithelium, hence important for the airway surface liquid (ASL, the thin liquid lining the top of the airway epithelial cells) homeostasis. However, the mechanisms involved in causing a vulnerability to acquire infection, in particular with Pseudomonas aeruginosa have been less well elucidated [2, 3] . The majority of CF patients will eventually have their lungs colonized by P. aeruginosa , the most common pathogen associated with mortality in CF and once established, the infection is difficult to eradicate [1] .
Antibacterial host defense proteins (HDPs) are an important arm of innate immunity. These proteins are present in the thin liquid layer, ASL on the airway epithelial cell surface. Some HDPs are constitutively expressed (e.g. lysozyme, lactoferrin, and SLPI) while the expression of others is induced by proinflammatory cytokines, in particular Th1 cytokines such as interferon-γ [4] . In CF, there is a mixed inflammatory response, where colonization with P. aeruginosa skews inflammation from Th1, including Th1 and Th17 responses towards a Th2-driven inflammation [5, 6] . There is an impaired bacterial killing in the ASL of CF patients, and both an increased content of salt and an altered depth of the ASL have been suggested as an underlying cause [7] [8] [9] [10] . Furthermore, many HDPs, such as β-defensins, lose the bactericidal activity in the presence of salt [11, 12] . Interestingly, it was recently shown in a porcine CFTR knockout model of CF that neither salt nor the depth of the periciliary liquid (that is part of the ASL) were affected, but instead a reduced pH of the ASL caused the impaired antibacterial activity of the HDPs investigated [13] [14] [15] .
The chemokine MIG/CXCL9 (monokine induced by interferon-γ) is an ELR-negative CXC chemokine that has chemotactic and angiostatic properties. MIG/CXCL9 together with IP-10/CXCL10 and I-TAC/CXCL11, bind and activate the CXCR3 receptor, which is foremost expressed on NK cells, T cells, mast cells and endothelial cells. In addition, MIG/CXCL9 has defensin-like antimicrobial properties [16] [17] [18] . Furthermore, experimental data support important roles for MIG/CXCL9 in host defense of the airways. Thus, knockdown of MIG/CXCL9 expression using siRNA-technique significantly reduced the antibacterial activity at the epithelial cell surface in vitro . Also, in an animal model of airway infection, neutralizing antibodies against MIG/CXCL9, IP10/CXCL10, and I-TAC/CXCL11 resulted in reduced antimicrobial activity [19, 20] .
In this study, we investigated bactericidal and receptor-activating properties of MIG/CXCL9 in relation to P. aeruginosa and its released elastase as seen in CF.
Material and Methods

Special Reagents
Recombinant human MIG/CXCL9, affinity-purified polyclonal antibodies against human MIG/CXCL9 and preimmune rabbit IgG were from PeproTech (London, UK). The synthetic peptides, LL-37, IST-66, IST-51, and LIKK-15 were made by Schafer-N (Copenhagen, Denmark). P. aeruginosa elastase was from Sigma-Aldrich (St Louis, Mich., USA). Fluo-4 AM and Fura Red were from Invitrogen (Stockholm, Sweden).
Electron Microscopy
Immunogold Labeling Tissue samples from CF lung explants obtained during transplantation were fixed in PBS containing 4% paraformaldehyde with 0.1% glutaraldehyde and prepared for immunostaining and transmission electron microscopy as described [21] . In short, ultrathin sections were incubated with primary antibodies against MIG/CXCL9, followed by detection with a secondary goat anti rabbit antibody (conjugated with 10 nm colloidal gold; Electron Microscopy Sciences, Fort Washington, Pa., USA; diluted 1: 10-1: 20). Specimens were examined in a JEOL JEM 1230 transmission electron microscope (JEOL, Peabody, Mass., USA) at 60 kV accelerating voltage. Images were recorded with a Gatan Multiscan 791 CCD camera.
Scanning Electron Microscopy
The P. aeruginosa strains PA01, 041E, 195B, and 308B were grown to mid-logarithmic phase and thereafter incubated with MIG/CXCL9 (1 μ M ) or in buffer alone for 1 h at 37 ° C. To verify bacterial killing, part of the samples were used for the viable count assay. The remaining parts of the samples were processed for scanning electron microscopy (SEM). In short, 10 μl of the incubation mixture (undiluted) was mounted on poly-L -lysinecoated titanium discs, fixed in 2.5% (v/v) glutaraldehyde, 0.15 M sodium cacodylate overnight at room temperature and then washed with 0.15 M sodium cacodylate. After fixation, samples were washed and dehydrated in alcohol at increasing concentrations (2 × 15 min per step), critical point dried, mounted on aluminum holders and covered with 20 nm of gold. Samples were examined in a XL 30 FEG scanning electron microscope operated at an acceleration voltage of 5 kV and a magnification of ×5,000.
Isolates of P. aeruginosa
The P. aeruginosa reference strain PA01 originally isolated from a wound and the clinical nonmucoid CF strains (022A, 032, 041E, 195B, and 308B) isolated from CF lungs were used in this study [22] [23] [24] .
Viable Counts Assay
In the viable counts assay, bacteria were grown at 37 ° C, 5% CO 2 to mid-logaritmic phase in Todd-Hewitt broth, then washed and diluted to a concentration of 1% (2 × 10 6 cfu/ml) in 10 m M Tris (pH 7.5, 7.0 and 6.5) containing 5 m M glucose (Tris-glucose) and different sodium chloride concentrations (0, 80 and 160 m M ). The bacteria were further diluted to a concentration of (2 × 10 of the incubation were plated on agar in a series of dilutions to promote growth. If no colonies are formed, the bacteria have been killed [21] .
Sputum Samples
Sputum samples were obtained from 5 CF patients colonized with P. aeruginosa . Induced sputum from three healthy individuals was obtained after inhalation of 5 ml nebulized sodium chloride (30 mg/ml). All subjects gave their written informed consent to participate in the study, which was approved by the ethics committee in Lund (2011/434).
SDS-PAGE and Western Blotting
Recombinant human MIG/CXCL9, sputum from CF patients and healthy controls were separated on Tris-tricine gels. To visualize the peptides, Coomassie Brilliant Blue R-350 (GE Healthcare, Uppsala, Sweden) was used. For Western blot, the subsequent procedures were performed according to the instructions of the manufacturer (Bio-Rad, Hercules, Calif., USA).
Modeling Predictive Structures of MIG/CXCL9
A model structure of full-length MIG/CXCL9 (Q07325) was created on the basis of a theoretical model of MIG/CXCL9 as described [19, 25] .
Mass Spectrometry
Coomassie-stained gel bands were washed with 40% (v/v) acetonitrile. Reduction was performed with 10 m M dithiothreitol at 56 ° C for 30 min, alkylation with 30 m M iodoacetamide at room temperature for 20 min (in dark) and digestion with Asp-N endopeptidase (Roche Diagnostics, Mannheim, Germany; 25 μg/ml) in 25 m M ammonium bicarbonate buffer (pH 7.8) for 16 h at 37 ° C. After extraction of gel pieces with 75% acetonitrile in 5% TFA, peptides were subjected to reversed-phase HPLC separation (CapLC, Waters, Manchester, UK) and subsequent sequencing on a Q-TOF Ultima API ESI-MS/MS. In-solution digest of MIG/ CXCL9 fragments generated by P. aeruginosa elastase was analyzed by LC-MS/MS. Automated N-terminal sequencing was performed using a Procise 494 instrument from Applied Biosystems as described [26] .
Cell Culture
CXCR3 Transfectants
The murine 300-19 cell line transfected with human CXCR3 (kindly provided by Dr. Bernhard Moser) was grown in RPMI 1640 MeEtOH and 2% G418.
Air Liquid Interface Primary human bronchial epithelial cells (3H Biomedical) were grown in BEGM supplemented with BEGM bullet kit (3H Biomedicals) in a Transwell system (Corning HTS Transwell, 24-well permeable support, Sigma; 0.4 μm pore size, 12-mm diameter, polyester).
The medium was changed every 2nd day until the cells' apical (0.5 ml) and basolateral sides (1.5 ml) were filled with BEGM (supplemented with BEGM bullet kit). The medium on the apical side was removed at day 3, and hereafter the cells were exposed to ambient conditions. On the basolateral side, ALI medium containing BEGM supplemented with bullet kit (3H Biomedical), BSA (1.5 mg/ml) and D-MEM (Invitrogen) supplemented with 1% MEM-Na-Pyr and 1% L -glutamine and 1% MEM NEA (50/50 w/w; Invitrogen) supplemented with 0.1% RA (0.1 m M ; Sigma), was changed every day. After 24 days in ALI culture, the cells were rinsed on the apical side with 100 μl PBS. Thereafter, the cells were stimulated by interferon-γ (100 U/ml) for 24 h. This was followed by rinsing with 100 μl PBS on the apical side. The MIG/CXCL9 content was determined by ELISA (R&D systems, Oxford, UK). 
Activation of CXCR3
Immunohistochemistry
Lung tissue was obtained from CF lung explants during transplantation and from previously healthy patients undergoing surgery for lung cancer (ethical approval LU412-03). Tissue samples were placed in 4% buffered formaldehyde immediately after surgical removal. After dehydration and paraffin embedding, 3-μm sections were generated from the tissue blocks. After rehydration and antigen retrieval, mouse monoclonal antibodies against CXCR3 (R&D Systems, London, UK) were applied, and bound antibodies were detected using horseradish peroxidase-conjugated secondary goat antirabbit or goat anti-mouse antibodies (Sigma-Aldrich) and visualized using 3,3-diaminobenzidine as chromogen.
Proteolysis and SDS-PAGE
Five micrograms of MIG/CXCL9, IP-10/CXCL10 and I-TAC/ CXCL11 were incubated with P. aeruginosa elastase (0.5 and 0.8 μg) or in PBS alone for 18 h at 37 ° C. Also, 5 μg of MIG/CXCL9 was incubated with neutrophil elastase (0.5 μg), cathepsin G (0.5 μg), proteinase 3 (0.5 μg) or in PBS alone for 18 h at 37 ° C. After separation by SDS-PAGE, the peptides were visualized by Coomassie staining.
Statistics
Statistical analysis was performed using GraphPad Prism v6 (GraphPad Software, La Jolla, Calif., USA). The tests used were two-way ANOVA followed by Tukey's multiple comparison test and the Mann-Whitney U test for unpaired samples when comparing separate groups. A p value <0.05 was considered significant ( * p < 0.05; * * p < 0.01; * * * p < 0.001).
Results
Distribution of MIG/CXCL9 in CF Lung
Immunoelectron microscopy was performed on lung tissue obtained from individuals undergoing lung transplantation for end-stage CF, to investigate the distribu- fig. 1 d) . In addition, MIG/CXCL9 was also seen in the airway mucus ( fig. 1 e) . Replacement of the primary antibodies with preimmune IgG resulted in loss of labeling ( fig. 1 f, g ).
MIG/CXCL9 was quantified in sputum of CF patients and healthy controls using ELISA. These measurements showed MIG/CXCL9 at a mean concentration of 1,274 pg/ml (range: 1,107-1,646 pg/ml; n = 4) in sputum of CF patients and at a mean concentration of 136 pg/ml (range 91-221 pg/ml; n = 3) in induced sputum of healthy controls (p = 0.001).
Bactericidal Activity of MIG/CXCL9 against P. aeruginosa Using a viable counts assay, recombinant human MIG/ CXCL9 showed a dose-dependent bactericidal activity against P. aeruginosa ( fig. 2 ) . Salt may influence the activity of HDPs, and different strains may have different protective mechanisms against these proteins, e.g. production of alginate and efflux pumps [11] . MIG/CXCL9 showed strong antibacterial activity against the P. aeruginosa strain PA01 and the clinical CF strains 022A, 032, and 195B ( fig. 2 ) . However, some clinical P. aeruginosa strains isolated from CF patients were less sensitive to killing by MIG/CXCL9 (strains 041E and 308B). At lower concentrations, the antibacterial activity of MIG/CXCL9 was sometimes impaired in the presence of sodium chloride (80 and 160 m M , respectively). This was pronounced for the most resistant P. aeruginosa strain 308B ( fig. 2 g) . The classical antibacterial peptide LL-37 showed a slightly lower bactericidal activity that also was more affected by the presence of salt compared with MIG/CXCL9 against the P. aeruginosa strain PA01 ( fig. 2 b) . MIG/ CXCL9 showed no cytotoxicity against the bronchial epithelial cell line BEAS-2B (bronchial epithelial cells) in this range of concentrations for 16 h, as indicated by an absence of lactate dehydrogenase release (data not shown).
To investigate if bactericidal concentrations of MIG/ CXCL9 can be reached in the ASL where the depth of the periciliary liquid has been estimated to be approximately 5 μm, normal bronchial epithelial cells were cultured in an air liquid interface system [13] . After incubation with interferon-γ (100 U/ml) for 24 h, the surface was rinsed with PBS and the MIG/CXCL9 concentration determined by ELISA. Relating to an estimated volume of the periciliary layer, MIG/CXCL9-concentration was in the order of 0.3 μ M , i.e. a bactericidal concentration.
Effects from Salt and pH on the Bactericidal Activity of MIG/CXCL9
Recently, it was demonstrated, using a porcine model of CF, that the ASL of mutant animals lacking the CFTR gene (CFTR -/-) had a lower pH than that of wildtype animals [14] . Thus, the bactericidal properties of MIG/CXCL9 were investigated at reduced pH in combination with different salt concentrations using the viable counts assay. A small but statistically significant reduction of bacterial killing was observed at increased sodium chloride concentrations but not at low pH ( fig. 3 ).
Morphology of P. aeruginosa after Incubation with MIG/CXCL9
The P. aeruginosa strains PA01, 041E, 195B, and 308B were grown to mid-logarithmic phase, and thereafter incubated with MIG/CXCL9 (1 μ M ) or in buffer alone for 1 h at 37 ° C. The samples were processed for SEM and in parallel viable counts were performed to confirm bacterial killing. SEM revealed that interaction with MIG/ CXCL9 caused blebs and leakage of intracellular contents in all P. aeruginosa strains investigated except for the strain 308B that remained mainly intact ( fig. 4 ). This corresponds to the findings using viable counts where strain 308B was less vulnerable to the bactericidal effects of MIG/CXCL9 ( fig. 2 ) . Bacteria in buffer alone served as controls, showing an intact morphology.
A Cleaved Form of MIG/CXCL9 Is Found in CF Sputum
Western blot was performed to investigate whether MIG/CXCL9 was present in CF sputum and in induced sputum obtained from healthy controls. Recombinant human MIG/CXCL9 was used as a control and appeared as a single band. In CF sputum, bands corresponding to the MIG/CXCL9 full-length protein, a smaller cleaved fragment, as well as bands of higher molecular weight, suggesting oligomerization or binding to other molecules, were detected ( fig. 5 a) . In induced sputum from healthy controls, the band corresponding to the MIG/ CXCL9 full-length protein was seen, and faint bands corresponding to oligomers ( fig. 5 b) . In vitro, elastase of P. aeruginosa produced a fragment of a size corresponding to that observed in CF sputum ( fig. 5 c) . In contrast, the serine-proteases of neutrophils (i.e. elastase, cathepsin G, and proteinase 3) generated a major fragment that was smaller in size (around 6 kDa) compared with the major fragment generated by elastase of P. aeruginosa (online suppl. fig. 1 ; for all online suppl. material, see www.karger.com/doi/10.1159/000365399).
Interestingly, the related chemokine IP-10/CXCL10 was resistant to cleavage by elastase of P. aeruginosa , while I-TAC/CXCL11 was completely degraded ( fig. 5 d) . This is interesting since I-TAC/CXCL11 has a higher chemotactic activity compared with MIG/CXCL9 and IP-10/CXCL10, further underlining that the elastase activity results in impaired recruitment of CXCR3-bearing cells [27] .
Characterization of Fragments Generated by Elastase of P. aeruginosa
The MIG/CXCL9 fragments generated by elastase of P. aeruginosa , were characterized by N-terminal sequencing and MS/MS. The largest fragment, corresponding to the size seen on Western blot was 66 amino acids long (IST-66) and derived from the mid-portion of MIG/ CXCL9. In addition, one slightly smaller (IST-51) and one substantially smaller fragment (LIKK-15) were identified ( fig. 5 e) . The MIG/CXCL9 fragments generated by elastase of P. aeruginosa were synthesized and used in a viability counts assay against P. aeruginosa (strain PA01). The bactericidal activities of these peptides, IST-66, IST-51 and LIKK-15 respectively, were approximately 50% lower compared to that of the MIG/CXCL9 full-length protein ( fig. 5 f) .
The MIG/CXCL9-Fragments Prevent Activation of the CXCR3 Receptor
In addition to MIG/CXCL9, IP-10/CXCL10 and I-TAC/CXCL11 bind and activate the CXCR3-receptor [28] . First, the MIG/CXCL9-derived fragments IST-66, IST-51 and LIKK-15 were investigated for calcium-mobilizing properties using a murine cell line transfected with the human CXCR3 receptor. MIG/CXCL9 induced a dose-dependent calcium-mobilization with a maximum response at 100 n M , whereas the fragments IST-66, IST-51 and LIKK-15 did not at corresponding concentrations ( fig. 6 a) . However, when MIG/CXCL9 (100 n M ) was preincubated with the fragments IST-66 (100 n M ), IST-51 (100 n M ) or LIKK-15 (100 n M ) respectively, reduced calcium mobilization was observed compared to that caused Effects from salt and pH on the bactericidal activity of MIG/CXCL9. P. aeruginosa (strain PA01) was incubated with MIG/CXCL9 (0.3 μ M ) at the indicated pH and sodium chloride concentrations for 1 h, and thereafter investigated for bactericidal activity using the viable counts assay. A small but significant reduction of bacterial killing was observed at increased sodium chloride concentrations. The data shown represent the mean ± SD of 3 separate experiments. Statistical analysis was performed using two-way ANOVA followed by Tukey's multiple comparison test. * p < 0.05.
by MIG/CXCL9 alone ( fig. 6 b) . IP-10/CXCL10 and I-TAC/CXCL11 also induced dose-dependent calcium mobilization with a maximum response at 100 n M , but when preincubated with the fragments IST-66 (100 n M ), IST-51 (100 n M ) or LIKK-15 (100 n M ), no calcium-mobilization was observed ( fig. 6 c, d ). Scatchard analysis of IST-66 revealed noncompetitive interactions (data not shown).
CXCR3-Expressing Cells in CF and Lung Tissue of Controls
To investigate if there is a decreased recruitment of CXCR3-bearing cells in CF that may reflect actions from the fragments described above, tissue samples from CF lung explants and control tissue from previously healthy individuals were analyzed using immunohistochemistry ( fig. 7 ) . In lung tissue of both CF and controls, CXCR3- (1 μ M ) or in buffer alone for 1 h at 37 ° C. The samples were processed for SEM and in parallel viable counts were performed to confirm bacterial killing. The P. aeruginosa strains PA01, 195B, 041E and 308B in buffer alone ( a , c , e , g ) are intact, while the interaction with MIG/CXCL9 caused blebs and leakage of intracellular contents in all P. aeruginosa strains (PA01, 195B, 041E; b , d , f ) investigated, except for the strain 308B that remained mainly intact ( h ). This corresponds to the findings using viable counts where strain 308B was less vulnerable to the bactericidal effects of MIG/ CXCL9 ( fig. 2 ). Bacteria in buffer alone served as controls, showing an intact morphology. The bar represents 1 μm.
C o n t r o l P a t i e n t 1 P a t i e n t 2 P a t i e n t 3 In sputum from CF patients colonized with P. aeruginosa and healthy controls, respectively, the MIG/ CXCL9 full-length protein was detected by Western blot (arrows). In addition, a fragment of MIG/CXCL9 could be visualized in CF sputum (arrowhead) but not in healthy controls. c In vitro, the elastase of P. aeruginosa produced a fragment of similar size as in CF sputum. d Interestingly, the related chemokine IP-10/CXCL10 was resistant to cleavage by the elastase of P. aeruginosa , while I-TAC/CXCL11 was completely degraded. The obtained fragment in c was further analyzed by N-terminal sequencing and mass spectrometry, and three peptides, IST-66, IST51 and LIKK-15, were found ( e ). The three peptides were synthesized and used in a viability assay against P. aeruginosa (strain PA01). MIG/CXCL9 is processed in CF airways and cleaved by elastase of P. aeruginosa in vitro. f The bactericidal activity of these peptides was compared with the antibacterial activity of the MIG/CXCL9 fulllength protein using a viable counts assay. The fragments displayed a bactericidal activity being less than 50% of the holoprotein. The data shown ( a-d , f ) represent mean ± SD from 3 separate experiments. Statistical analysis was performed using two-way ANOVA followed by Tukey's multiple comparison test. * * * p < 0.001.
(For legend see next page.)
0 H e a l t h y i n t r a e p i . C F i n t r a e p i . expressing cells were present in the walls of the small airways ( fig. 7 a-d, g-j) . A quantitative analysis showed significantly fewer CXCR3-expressing cells both within the epithelium and in the subepithelial tissue of CF patients ( fig. 7 e, f) . Instead, abundant CXCR3-expressing cells were found in the expanded germinal centers of the extended CF lung lymphoid tissue. Phenotypic characterization of CXCR3-expressing cells was performed by immunohistochemical staining using serial sections. First, mast cells were identified by colocalization of tryptase ( fig. 7 g) and CXCR3 ( fig. 7 h) on parallel sections. Next, CD8+ T cells were visualized by CD57 ( fig. 7 i) and CXCR3 ( fig. 7 j) on parallel sections. Taken together, the number of mast cells and CD8+ T cells was reduced in the small airways of CF patients compared with control tissue.
Discussion
In this study, we show that MIG/CXCL9 expressed in the airways of CF patients can be processed by elastase of P. aeruginosa , resulting in fragments having impaired bactericidal activity and also serving as noncompetitive antagonists of the CXCR3 receptor. In vivo, we found an increased number of CXCR3-bearing cells in the germinal centers of CF lung but a paradoxical low number of such cells in the vicinity of airway epithelium compared with lung tissue of controls. The latter suggesting that the processing of MIG/ CXCL9 has an impact on recruitment of CXCR3-bearing cells (i.e. NK cells, cytotoxic T cells, and mast cells), also contributing to impaired airway immunity in CF.
MIG/CXCL9 showed a dose-dependent bactericidal activity against P. aeruginosa that was, to a small degree, affected by increased salt concentrations and a reduced pH. The altered properties of ASL in CF have been subject to much debate, both with respect to its depth and whether the salt concentration is increased compared with healthy airways [7] [8] [9] [10] 13] . The activity of many HDPs is impaired by high salt concentrations (e.g. hBD-2 and hBD-3) [11, 12] . However, recently it was demonstrated in a porcine model of CF (CFTR -/-) that the pH was lowered in the ASL of these animals, resulting in impaired antibacterial activity of lysozyme and lactoferrin and that the activity was restored upon neutralization of the pH [14] . Thus, protonation of the bacterial membrane at a lower pH is likely to reduce the attraction between HDPs and the bacterial plasma membrane, resulting in reduced antibacterial activity [29] . It is thus interesting that MIG/ CXCL9 retain most of its bactericidal activity at low pH and also in the presence of high salt concentrations.
Lysozyme, lactoferrin, and SLPI are constitutively expressed and present at relatively high levels in the ASL and likely to be an important part of airway innate immunity [4] . How important is MIG/CXCL9 in this context? Both in a previous and the current study (using an air liquid interface cell culture model), we were able to demonstrate significant bactericidal concentrations of MIG/CXCL9 released by airway epithelial cells after stimulation with interferon-γ [19] . The immunoelectron microscopic depiction in this study, showing MIG/ CXCL9 associated with the surface of airway epithelial cells suggests presence in the ASL in vivo, in addition to being present in mucus, being less likely to exert biological functions in the latter case. In addition, MIG/ CXCL9 may bind to glycosaminoglycans (GAGs) on the epithelial cell surface. Such binding together with the oligomerizing properties of this molecule can be a way to retain an antibacterial gradient at the epithelial cell surface.
It is possible that MIG/CXCL9 is processed by elastase of P. aeruginosa in vivo , since a smaller fragment of the full-length protein was detected in sputum of CF patients colonized by these bacteria, while only intact MIG/ CXCL9 was found in sputum from healthy subjects. A fragment of similar size was obtained after digestion of the MIG/CXCL9 full-length protein using elastase of P. aeruginosa , supporting the finding. The fragments generated are derived from the proximal part of the putative α-helix. The C-terminal region, having cationic and amphipathic properties, is proposed to possess the antibacte- Fig. 7 . CXCR3-expressing cells in lungs from CF patients and control subjects. Small airways and alveoli were investigated for the presence of CXCR3-expressing cells. In lungs of controls ( a , b ), CXCR3+ cells are present in the walls of the small airways, which is also the case in CF lungs ( c , d , g-j ) . e , f Using morphometric analysis, fewer CXCR3+ cells were found both intra-and subepithelially. Instead, abundant CXCR3+ cells were foremost localized to the germinal centers in the CF lungs. Phenotypic characterization of CXCR3+ cells was performed by immunohistochemical staining using serial sections. First, mast cells were identified by tryptase ( g ) followed by CXCR3 ( h ) on a parallel section. Next, CD8+ T cells were visualized by CD57 ( i ) followed by CXCR3 ( j ) on a parallel section. Arrowheads denote identical cells. The experiments were performed on CF lung tissue obtained from 5 individuals and control tissue obtained from 8 individuals. Mann-Whitney's U test for unpaired samples was used for comparison between the groups. * p < 0.05; * * p < 0.01; * * * p < 0.001. rial activity, while the N-terminal harbors the receptoractivating properties [30] [31] [32] . This correlates well with our results, i.e. that the fragments have less bactericidal activity and no receptor-activating properties. Also, this might be the case for many other chemokines and HDP. However, it could not be ruled out that other proteases, for example the serine proteases of neutrophils (i.e. elastase, cathepsin G, and proteinase 3) released by the abundant neutrophils present in the disease are involved in fragmentation of MIG/CXCL9 (online suppl. fig. 1 ) [27] . IP-10/CXCL10 and I-TAC/CXCL11 were also subjected to elastase of P. aeruginosa , IP-10/CXCL10 was resistant to degradation while I-TAC/CXCL11 was highly degraded, resulting in multiple but no distinct fragments ( fig. 5 d) .
Consequently, it appears unlikely that elastase of P. aeruginosa generates fragments from IP-10/CXCL10 and I-TAC/CXCL11 that would inhibit downstream CXCR3 signaling.
There is a mixed Th1 and Th2 inflammation in CF where MIG/CXCL9 is expressed [5] . However, P. aeruginosa -infected patients with CF had significantly higher levels of Th2-polarized cells, IL-4, IL-13, and TARC and lower levels of interferon-γ compared with noninfected patients with CF and healthy controls, suggesting that the bacteria skew inflammation to promote their survival [5, 6] .
Does the impaired recruitment of CXCR3-bearing cells contribute to the longstanding colonization with P. aeruginosa in CF? NKT cells do play a role in clearing microorganisms, including P. aeruginosa from the airways [33] . In mice models, mast cells played an important role against airway infection and were crucial for the induction of protective innate immune responses to bacterial skin infections [34, 35] . Interestingly, in a study showing increased levels of all three CXCR3-activating chemokines (i.e. MIG/CXCL9, IP10/CXCL10, and I-TAC/ CXCL11) in BAL fluid of CF patients (both with and without colonization with P. aeruginosa ), no increase in the number of CXCR3-positive T cells was detected, supporting the findings of the current study [5] .
In conclusion, MIG/CXCL9 expressed in CF lungs can be processed by elastase of P. aeruginosa , impairing its bactericidal properties and counteracting its function as a chemokine, recruiting CXCR3-bearing cells, contributing to the compromised airway host defense seen in CF.
